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THE PHENIX EXPERIMENT ™ g

» Data taking is completed in 2016.

we'L

* Collaboration is actively working
for data analysis

» Data with 9 collision species and 9
collision energies have been

obtained. ’ |I|||||| °
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Time evolution

The matter produced in the high energy heavy ion collision is expected to undergo several
stages from the initial hard scattering to the final hadron emission.

Kinematical freeze-out

K Freeze-Out t

f /Tfj/Tctht
S>> 2

Chemical freeze-out

Hadronization
Expansion & Cooling

QGP

Thermalization

QGP oge L4
t,< 1fmic pre-equilibrium
SR z
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7 % Collision

Need a comprehensive understanding from initial hard
scattering to final freeze out.
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Hard scatterings
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NLO calculation:
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(Data-pQCD)/pQCD

« Hadrons are strongly suppressed. =>strongly interacted with QGP
« yisnot > no interaction with QGP.
 pQCD calculations agree well to data in p+p.
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At low ptat 0-20 %

- RXA >~ 1

- Target difference (Al/Au): p+Al < p+Au

- Projectile difference (p/d/3He):
S3He+Au < d+Au < p+Au

KT broadening ?
Why this order ?
-some bias ?




¥ R, 5 in pAl, pAu, dAu and *HeAu
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KT broadening 7
Why this order ?
-some bias ?

N : Radial flow effect ?

At low ptat 0-20 %
- RXA > 1
- Target difference (Al/Au): p+Al < p+Au
- Projectile difference (p/d/3He):
S3He+Au < d+Au < p+Au
- The peak shifts to more right with the larger system.
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At high pr (pr > 10 GeV/c)
i~ R, <1 atcentral

:- R4 ~ 1 at mid central
:- R,, > 1 at peripheral

Central collision events with high p+
particles may incorrectly categorized as
peripheral events due to energy
conservation. »>Corrected

Suppression is observed at very high pt at

central collisions for small systems.

- Energy loss ?

- MC-Glauber Ncoll is really OK for peripheral ??
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¥ and y Ry, With MC-Glauber N
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Even y Rys, sShows the enhancement at most peripheral, amount of that matches that of 70 Ry,, .
- Introduce experimentally determined N

d>N7
Nemp . (dedn>dAu
< coll> T (dzN'y)
dprdn /PP 10



¥ Rya, With experimental N,
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- After the correction, m° Ry, with pr integrated [7.5-17 GeV/c] is less than 1 for all measured centralities.
- It shows suppression in central collisions clearly. = QGP-like matter ?
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¢ R, in p+Al, p+Au, d+Au and *He+Au
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*The normalization uncertainty from p+p is about 9.7%.
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¢ R, in p+Al, p+Au, d+Au and *He+Au
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*The normalization uncertainty from p+p is about 9.7%.
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*The normalization uncertainty from p+p is about 9.7%.

At MB

- R,p are ~1 within large uncertainties

At 0-20 %

- Ordering is observed:
S3He+Au < d+Au < p+Au
> Same as O R4
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Comparison of ¢ to ¥ R, 4
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Peripheral:
¢ to n0agree well.
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Comparison of ¢ to ¥ R, 4
pDA PAU dAu HeAu

Ria
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1.0———_—— e I - -1 1T -—"--=-- B . - - =T - r'-’} - =T -~ o - - - -
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T T T T

The ¢ meson R4 seems to be higher than ¥ R,4 in central collision possibly due to strangeness enhancement.
—> Cannot be concluded due to the large uncertainty.
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J/P Rap in p+Au and 3He+Au

m25

& E Inclusive Jhy 2.2<y<-12  (a) T Inclusive Jiy ' 1.2<y<2.2 " (b) 1
C |5, =200 GeV « 0%-20%, p+Au T s, =200 GeV = 0%-20%, ?+Au :
2r > 0%-20%, "He+Au - PHENIX 5 0%-20%, "He+Au ~
backward : [{] 1 .
1.5 I . -
- m . + @['b Il .

1 B D : AR
. ) %: @ ) -3

x

Fit: 0.96+0.03(stats.)+0.05(syst.)

14

t

*He+Au / p+Au

]ﬁﬁm A *:Ebm[#mmnum----

A l-lll

%soiééiééi

P, (GeVic)

o
—

« CNM effects seem to be dominant.

P, (GeVic)

forward

p/3He-going

o —

. Small final effect at Au-going side(bkwd) while no final effect at

SHe-going side(fwd)

2022/6/7 PHENIX small system/ Maya. S
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Comparison of J/ to P(2S)R

= 2
<
oL
1.5
Au-going
1
G —
0.5

pAU

In p+Au

| | | |
-2.2 <y <-1.2, Inclusive PHENIX (a)

B Y(2S), p+Au Y5, =200 GeV
® /Y, p+Au s, =200 GeV

......
--------------------

| [ w(2S) EPPS16 (Shao et al.)

| | |
1.2 <y <2.2, Inclusive PHENIX (b)

[ ] w(2S) nCTEQI15 (Shao et al.)

[ ] w(2S) Transport Model (Du & Rapp)
[ J/y Transport Model (Du & Rapp)

T L o
e, = -— —_—
e

LIB ‘KQ‘%v.v.vq_

(N_»

coll

« Similar suppression is observed at p(d)-going side(fwd).
« Only W(2S) suppress at Au-going side but not J/.
. Tranﬁport model describes the relative modification well but underpredicts the suppression for

> The suppression of P(2S) seems to be due to the final state effects.
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J/, P(2S)R s at RHIC and LHC

2 T T I 1
Q? PHENIX |5,,=200 GeV LHCb p+Pb |5, =5 TeV PHENIX
V(2S)@p+Au Vd+Au Mwy(28) [y
Jy Op+Au Vd+Au  ALICE p+Pb \[5,=5 TeV
L.5f . _
Avy(28) Al
Au-going N SO 1 p/d-going
. o
L P
D @ ! A ] O —
0.5 @ | r + -
| | | | |
) —4 -2 0 2 4

y

* No significant difference between PHENIX,ALICE and LHCb.
- No energy dependence. Very similar final effect are observed.

2022/6/7 PHENIX small system/ Maya. S 19



. i Gee)oms) Conr ) v sen
v, with 3x2PC at small systems
:N_; Au-going p/d/He-going|—
BBCS-FVTXS-CNT :
PRC 105, 024901 (2022) Acceptance combination is same as Nat. Phys

el b b e e b b b B e b
s 4 3 2 1 0 1 2 3 4 5
Pseudorapidity ()

L e L B B L B B B B B T >(\l (1T T ] >N A i
0.2~ PHENIX, p+Au at 200 GeV ] 0.2 j PHENIX, d+Au at 200 GeV = 0.2 — PHENIX, *He+Au at 200 GeV f
- [#]3x2PC: BBCS-FVTXS-CNT ! - [#]3x2PC: BBCS-FVTXS-CNT - - [¢]3x2PC: BBCS-FVTXS-CNT -
- ] ] - ®1Nat. Phys. 15, 214-220 (2019) - @ Nat. Phys. 15, 214-220 (2019) A
0.15[ ' Nat. Phys. 15, 214-220 (2019) - 0.5 y (@@Emmm 0.15] m@&m:ﬁ:&:.%
- [#] @ i B & ] B -
- 2] [&] ] - - ] - i
0.1 0 2] - 0.1 - — 0.1 -
i ] ] i - ] -
B = 2] B o i
0.05[- s 005 = . 0.051 ’
B == L e s
- = =] - -
] 0 ) — O [mmmmmmmmmms s —
) 5 | ‘ 25 : R ‘ Y- (;“‘b‘s‘m*”‘fs‘m‘ ““““
0 05 1 15 2. .
?GeV/c 0 0.5 1 1.5 pi'?GeV/c‘)?’ P, ?GeV/c

« Combination of 3 detectors (BBCS-FVTXS-CNT) are used for 2PC
method to obtain v,.

 The 3x2PC results confirm the PHENIX Nature Physics results.
- Consistent with the QGP droplet picture.
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v, with 3x2PC at small systems

PRC 105, 024901 (2022)
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- @ Nat. Phys. 15, 214-220 (2019)
- STAR Preliminary, 2019 (unsub)
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-~ 2 STAR Preliminary, 2019 (unsub)
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- *He+Au at 200 GeV _
- [®]3x2PC: -3.0<n<-1.0, i<0.35, 1.0<n<3.0
- = Nat. Phys. 15, 214-220 (2019) 1
= 2 STAR Preliminary, 2019 (unsub)
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- ]
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« Rapidity selection is very important to understand the flow in small systems.
This explains the differences between STAR and PHENIX results.

2022/6/7

PHENIX small system/ Maya. S

5
Pseudorapidity (n)

%more non flow gives larger v, than
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. i Gee)oms) Conr ) v sen
vy, with 3x2PC at small systems
PRC 105, 024901 (2022) ma i BN B

BBCS-FVTXS-CNT Acceptance combination is same as Nat. Phys = * = 2 70 1 2 8 e
- 0.1—rrrrrr—rrrr—rrrrrrrrrrrrrrrrrrm » O1pr—r——rrr—r—rrrrrrrrrrrrrrrrrrrrr o 0.l

= T 1= B 1=

. PHENIX, p+Au at 200 GeV ) T PHENIX, d+Au at 200 GeV ) - PHENIX, *He+Au at 200 GeV )
0.08[-3x2PC: BBCS-FVTXS-CNT 1 0.08-E3x2PC: BBCS-FVTXS-CNT 7 0.08-E3x2PC: BBCS-FVTXS-CNT ]
- @ Nat. Phys. 15, 214-220 (2019) 1 - mNat. Phys. 15, 214-220 (2019) 1 - = Nat. Phys. 15, 214-220 (2019) 1
0.06F 4 o0.06F 1 0.06F éf B

0.042— 1 oo04f - 0.042— Tk +m
5ottt ] ottt o R

Imag

. '1.11....11.11 ..11..1. " .IT ] | Lol | T C b b b b L
0'020 0.5 1 S5 2 S5 3 _0'020 0.5 1 156 2 25 3 O'020 0.5 1 15 2 25 3
P, (GeV/c) P, (GeV/c) P, (GeV/c)

* V5is also obtained with same 3x2PC method as v,.
« The 3x2PC results confirm the PHENIX Nature Physics results.
- Consistent with the QGP droplet picture.
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More detailed study for v, at small systems with 3x2PC

« Systematic study of v, on small

- 1_-"|5i.i|'5'|;1'|)'('"""'.':,.'-" AMélzszBz'goev'_ systems (p+Au, d+Au, ;He+Au,
| p+Au200 GeV 60%-84% 35005 . from peripheral to central) are
- —B- 3x2PC:BF — Participant Plane 2
0.8 ~©-H2PCBB . conducted.
| p+p 200 GeV ] _ .
| = 30PCEF | * v, at p+p is also measured.
0.6~ @ 3x2PCBB q] #j N . N
! | ON-zero v,
_ Y A _ * v,1BB} and v,{BF} shows
0.4 FE R difference.
: .-‘:;. . : ’
_ S % Y « AMPT w sm doesn’t reproduce
0.2} - . .
L .D,.% ; o ¢ } I v, quantitatively but show the
L e 7 _
051%| difference of v,{BB} and v,{BF}.
0 05 1 15 2 25 3 35 4
p_ [GeV/c]
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Summary

PHENIX data in pAl, pAu, dAu and 3HeAu at Vsyy=200GeV have been analyzed.
o ¢ tom® R,
« Cronin effect and radial flow qualitatively explains the results.

« Suppression is observed at central
« Strangeness enhancement is not observed clearly so far in any small system. Need more precise study.

« J/P Rygand Y(2S) in dAu at forward/backward
« Small final effect for )/ Rz at Au-going side is seen.
« P(2S) suppress at Au-going side but not J/.
« RHIC and LHC agrees well.

* v, and v,
* Previous v, and v; results are confirmed
* 3x2PC describes the possible differences with different combination of 3 detectors.

 Rapidity selection changes v2 a lot.
 v2 for mid and peripheral centralities are also measuered.
* Non-zero v2 at 3x2PC methods are observed.

=2 ¥ R, and v, results shows the central collisions in the small system except p+p seem to create
QGP-like matter at RHIC energy but not exactly same as large system.
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Comparison with model calculations

LA B B L B | L L L B | L L L L L
(5, =200 GeV, In|<0.35 (@) | |s,,=200 GeV, n|<0.35 (b) S\=200 GeV, [n|<0.35 (@) 1 {su=200 GeV, m|<0.35 (b)
p+Al, 0% — 100% p+Au, 0% — 100% p+Al, 0% - 100% p+Au, 0% — 100%
1.5 - - 1.5 + -
111 i J Hiw_.._-
.xi‘lo"'“?‘ti'{J‘ e "#*‘Y_':::_‘*:_'__'_'"_'_‘_‘::."l‘“ nci"-o““i_‘*fi'-{“ 2 summbiii N "#*‘."_‘_‘T‘v“” . o 1
e e PHENIX PHENIX
0.5 ¢+ ¢ >KK v s 5KK ! 05 , 4 KK Tv 65KK .
- - - PYTHIA/Angatyr - - - PYTHIA/Angatyr PYTHIA+NCTEQ15 PYTHIA+NCTEQ15
PHENIX PHENIX - - PYTHIA+EPPS16 - PYTHIA+EPPS16
PN IS R N SRS N SR TS BT ST R TR SRR A SR S | e e L ] ORI [N SN SR SN TN T S N S S |
LA L L I LA B (LD R B B | AL L B L R (L L B R |
(s, =200 GeV, n|<0.35  (c) | |s=200 GeV, n<0.35  (d) Vs\=200 GeV, [n|<0.35 (c) | Vs,=200 GeV, n|<0.35 (d)
d+Au, 0% — 100%, PRC 83, 0249 3He+Au, 0% — 100% d+Au, 0% — 100%, PRC 83, 024909 | *He+Au, 0% — 100%
1.5 + . 1.5 - -
+ P N T Lhdl +}
sm-p.*..ixtL..J--_.L-- 2 4} H ) . PATERTY BS S S ST S S o
@ o o o I—,};q.;t#}'r T n'j 1— #igt!’?*— h
e e PHENIX PHENIX
0.5 + ¢ »>K'K T ¢KK - 05 | 4 KK Te 65KK -
-~ - PYTHIA/Angatyr - - PYTHIA/Angatyr PYTHIA+NCTEQ15 PYTHIA+NCTEQ15
PHENIX PHENIX - - PYTHIA+EPPS16 - PYTHIA+EPPS16
PR SR T S R | IR | PRI S S T | IR | PR S SN  T SR SR N T S S S | PRI S T SR N R S N N 1
4 6 8 2 4 6 8 2 4 6 8 2 4 6 8
pT(GeV/c) pT(GeV/c) pT(GeV/c) pT(GeV/c)

Non of these model calculations can explain all data simultaneously.
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Direct photon enhancement with system size

PP pAU pAu 0-5% AuAu 60-93% AuAu 0-20%

10°

E | p+p = 1 +X r p+Au — y+X § p+Au — vy +X ﬁwa[ o~ 10°¢
i 5 = 200 GeV 1 {5 = 200 GeV: B\ {5 = 200 GeV: S AUSAL = 14X, Vo = 200000 0009% | 2 Mo hu = Y4 Yo = 20000, 02
, " E E \ @ ® 2014 conversion method & M ¢ 2014 conversion method
10 |E] Int. conv. E] 0-100 %, Exrl cony. H | ® | 0-5%, Ext. cpm. | -—% 10 \ ) = _10 , +  PRC 91, 064904 (conversion)
F % Ext I Eioy=n Al 1] I \ o =N Al 1 Py '|" g L PR 91, 064304 (conversion) o b ' ¢+ PRL104, 132301 (virtual y)
 ©xt. cony. 107k )N A\ 15, | 10k \* P=Na | 15, S ' i S , imeter)
f— [ pZ\n 3 \ 0 E \ o) o i PRL 109, 152302 (calorimeter) o (] +  PRL 109, 152302 (calorimeter
7 T p)=A| 145" | g g = 107! p2n =107 ﬁ‘ B n
I \ %o/ o f No Scaled pp fit: Al 14" o N scaled pp fit: A 14"
- ~ L ~ S~ by 0 | u
L ek PH ENIX - PH ENIX J0? | PH ENIX h SN
3 preliminary : preliminary * preliminary 10°F | 107 "‘
et r i | { = s
- L L N
L L4 L
.g- g 102 | 103? 1 105 - a . 1075 R
5 3 o F » ! ™ *.
& 6| ) s . LR
~ 107 107 et , 107 |
F 4 [ 4 | - |
i 107 107 PHENIX s - PH.ENIX
L F F preliminary e - preliminary
E 10_9 . L L | 1048J T | 1 L L L1
. 10°%F 10 o 2 4 & 8 10 o 2 4 6 BG w‘°
10°® L P By oo 14 L ! E P BT R SR R pT[GeV/c] PT[QC]
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 .
P, [GeVic] P, [GeVic] P, [GeVic]

Larger system has more enhancement at low pr and it may be seen at o

pAu most central. 2 relate to QGP size? 02f @ |
Direct photon puzzle together with large v2 emissions. 018t FgEH EP@ i

- might be hadronization photons ?? °"W
0.05 .
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K*0, ¢ and ¥ R,z in pAl and *HeAu

w 1.6 | REAR LRSI AR RS LR A RS LA 21.5' LARRRE RARRE MR RS REAAE ML RN R
o« 1af 020%, p+Al, |y|<0.35, |s,, =200 GeV jcc sab 40-72%, p+Al, |y|<0.35, |s,, =200 GeV |
1.2 1 12} I ]
M BB & W v
1 |:| r u z = ' ] 1_[. ‘ i A:gt’r.i’ - .'I |-\ L J Y -
‘\l b l‘l 4 ] Il 1
0.8} d! 0.8 grEEr
o6 8 ‘g ARt 4K 06F & *Q At 4K
oal *® wp #K* vx? 0.4l =D K ]
02 PH ENIX 02 PHENIX ]
' Norm. uncertainty from psp -9.7%  Preliminary ’ Norm. uncertainty from pep - 9.7% preliminary
PP TR PUETY PPTPY FTTTE PPETY FTTrl FTTTE PrETY Free PP PP BT Lol " diied o, L al
05 1 15 2 25 3 35 4 45 5 05 1 15 2 25 3 35 4 45
pT(GeV/c) P, (GeV/c)
@ 25T e o i e R
2 -20%, *He+Au, |y|<0.35, |'S,, =200 GeV |,< 3 <0.38
« 0-20%, “"He+Au, |y|<0.35, |sy, = o« 60-88%, *He-+Au, |y|<0.35, \sm_zoo GeV
I e nt aK* ~ 1 - + R
.(P. e PH ~ENIX A to ant uK PH ENIX
SK* vq? = (p+p)/2 8 preliminary K* vxo = (p+p)/2 preliminary
. 1 18t ]

Scallng uncertalntly from p+p-9.7%

N R R T A B
p.(GeVic)

152

55 3 35 4 45 5
p(GeV/c)

K*0, ¢ and 70 all agree well.
- Strangeness enhancement is not observed
clearly.

Proton shows enhancement at 0-20% in 3He+Au.
- Qualitatively agrees with Radial flow/Recombination
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¢ R, in pAl, pAu, dAu, and *HeAu

pAl pAu dAu 3SHeAu
o, o 0. 072% piAl | o2, o @ 0-84% prAu | o, o 9 0-88% dvAu | & f 005 /V:;i,f}+?ouo A PYTHIA rep rod uce (I)
y .y -~ | I1RAr in pAl but
1.2t { 12 1 12 1 12 ]
IR e | od ot BEEEETE nderestimate it in PAuU,
0.6! { o6l 1 o6l 1 og ]
] ] [ m K~ ] [ m K- ] 3

04 " oK pENx ] %4 TN e e T % TR pENx | %4 TR pENIX dAU dn d HeAu.
0.2; DPYTHIA prellmmary 1 02 |:|PYTH|A prehmmary 1 02[JpYTHIA preliminary | 02 [|PYTHIA preliminary 1

05 1152253354455 05 1152253354455 05115205 3354455 05 1152553354455

p, (GeV/c) p, (GeVrc) p, (GeV/c) p, (GeV/c)

Sy T B X T T I e — R AMPT def (w/o
coalessense) agree with ¢

' 4 ol 4 saeciiffid | -

[ = el
=]
= S|

1 t Rag in pAl while AMPT sm
0.8 0.8 0.8} 0.8
08w L L [ osl 08| e (w coalessense) reproduce
OAﬁH/I)PT sm  PHUENIX | OAﬁWF’T sm PHUENIX | 4 DmPT sm  PHENIX ] OA'émPT sm  PHIENIX || .
02 JAMPT def  preliminary | 02 [JAMPT def preliminary | 02 [JAMPTdef preliminary { 02fampT det preliminary 1 | I We” N pAU, dAU and
{2 3 4 5 6 7 8 12 3 4 5 6 7 8 1 2 3 4 5 6 7 8 123 45 6 7 8|3
b, (GeVic) b, (GeVic) p, (GeVic) b, (GeVic) HeAu

Dominant production process seems to change between pAl and pAu.
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More detailed study for v, at small systems

Data AMPT o
p+Au - ]
d+Au +

‘He+Au

p+p - —

:

e 0 "4“".': ,
¢ . i r

Bosolsealooaloaalansl

o G
u i A L]
t-I-.é ¢ Ane

salssses

05<p <1GeVic ] + 2<p <25 GeVic

L 1 1 1 1 i) ~ 1 L 1 L 1
5 10 15 20 254y 30 0 5 10 15 20 2&&30 b 5 10 15 20 25&30
d—q'_. o, dn .

« v2{BB} has no smooth connection around dN/d n ~10.

« AMPT-model calculations don’t reproduce the qualitative Ere

del nds of
v,1BB} while it shows some agreement for the trends of v,{BF}.
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v, with 3x2PC method

Au-going ) p/d/*He-going * Advantage of 2PC : Cancelling out
- d-rapidi . .
&ckward-rapidity) bk ‘ possible detector and beam optics effects
035 +0.35 by the event-mixing technique
BBCN * Combine three 2PCs to obtain v, due to
the asymmetric collision systems
CAB 5 OAC
A AB
v = = OBC = C.'° = (cosnAg)
T
A, B, C : kinematic ranges
o Gt Ron g 20 GOV OB | L dags 100 eV O oo mme. %« Measure mid-rapidity v, with the following
065<lani<335 & } Jof 275 <l <4.25 t 108 200<lArl <6.00 .« g . .
o1+ S Ccososdl, =y ~ezceoen P4 - 1+zcmmy{.,"3% rapidity combinations
3 . ed TR — Mid-Back(-3.9<n<-3.1)-Back(-3.0< n <-1.0) : BB
* Acceptance combination used in the Nature analysis
e — Mid-Back (-3.0< n <-1.0)-For (1.0< 1 <3.0) : BF

Borrow from Takahito Todoroki's talk at sQM.
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